Recently, it has become evident that RNA editing-related changes are important in the modulation of neuronal information processing. Alternatively edited transcripts, when meagerly present, are hard to detect. Significant functional consequences may result, however, from small differences in editing efficiency. Moreover, it is difficult to evaluate the ratio of edited transcripts. The glycine receptor alpha3 subunit (GlyR alpha3) is expressed in the spinal cord, and transcripts of GlyR alpha3 are susceptible to RNA editing. The physiological role of this editing is still unclear. To analyze changes in RNA editing in various animal models, we need reliable and practical ways to detect and quantitate GlyR alpha3 RNA editing. Results: We identified and assessed different ways of detecting edited RNA transcripts, including direct sequencing, denaturing high performance chromatography (DHPLC), allele-specific real-time PCR with TaqMan probes, and PCR with allele-specific primers. Using PCR with allele-specific primers on standard PCR products for edited and nonedited GlyR alpha3, we were able to detect as little as a 0.5% incidence of edited transcripts. We were able to detect a 5% incidence of RNA editing using direct sequencing and 2% using DHPLC. We could accurately determine the ratio of edited to non-edited RNA using DHPLC, direct sequencing, and allele-specific real-time PCR with TaqMan probes.
Introduction
RNA editing is broadly defined as any RNA processing event (excluding RNA splicing) that generates an RNA message with a nucleotide sequence that differs from corresponding genomic DNA. Recently, it has become evident that RNA editing plays an important role in the modulation of neuronal information processing, and that small differences in editing efficiency can have significant functional consequences. Mammalian RNA editing generally occurs by either cytosine-to-uracil (C-to-U) or adenosine-to-inosine (A-to-I) deamination. Good examples of C-to-U editing include conversions, mediated by a citidine deaminase in conjunction with additional cellular machinery, within apolipoprotein B RNA [1] and neurofibromin [2] . Elsewhere, involving alteration of the mRNA of glutamate and serotonin receptors, A-to-I editing of several neuronal genes has been identified. RNA editing similarly affects potassium channels. Functional consequences include effects on calcium ion permeability (GluR6; [3] ), on control of G protein activation (5HT2c; [4] ), and on modulation of channel inactivation (hKv1.1; [5] ). A-to-I editing is caused by the ADAR (adenosine deaminases that act on RNA) family of enzymes [6] . The occurrence of inosine in poly(A)+ mRNA has been estimated at one base in 17,000 in rat brain and one in 33,000 in rat heart [7] . Very few edited transcripts have been identified [6] , and it is likely that many edited transcripts await discovery. If inosine occupies a guanosine site during the translation process, its presence can alter the encoded protein [8] . Consequently, in neuroscience, it is very important to find ways of detecting these meagerly existing edited transcripts.
The glycine receptor alpha3 subunit (GlyR alpha3) is expressed in the spinal cord where it physiologically plays a pivotal role in prostaglandin-mediated inflammatory pain transmission in the spinal cord dorsal horn. GlyR alpha3 transcripts are susceptible to RNA editing. These edited isoforms cause physiological changes. GlyR alpha3 P185L , resulting from cytidine 554 deamination, endows neurons with high glycine sensitivity and promotes sustained chloride conductance associated with tonic inhibition. [9] The physiological role of this editing is still unclear. To analyze changes in RNA editing in various animal models, we need reliable and practical ways of detecting and quantitating GlyR alpha3 RNA editing.
More easily detected than edited RNA, single nucleotide polymorphisms (SNPs) are commonly identified by various methods. Because editing creates such subtle changes in the sequence, it is as difficult to detect edited transcripts as it is to detect micro-exons. It has been possible, however, to greatly improve assay sensitivity by using PCR products as a template and sequencing with thermostable polymerases [10, 11, 12] . Very small amounts of mRNA can now be assayed by amplifying the template with RT-PCR, but few studies have yet presented detailed reports of the factors that contribute to the accuracy of the assay [13, 14, 15, 16] . We tried four different methods of detecting and determining the ratio of edited-to-non-edited transcripts: DHPLC; direct sequence; and allele-specific real-time PCR with TaqMan probe as a qualitative and sensitive methods: and PCR using allele-specific primers as a sensitive method. We evaluated the four methods in detail.
Material and methods

Total clone making
RNA was isolated from rat spinal cord and cDNA was obtained by reverse transcription using oligo-dT. The full length cDNA encoding rat GlyR alpha3 subunit was amplified using oligonucleotides 5'-AACATGCATAATGCAACTCG-3' and 5'-CCATCCAAATGTCAATTGC-3' and subcloned into TA cloning vector pCR2.1. (Invitrogen, Tokyo, Japan). The site-directed mutation for GlyR alpha3 (P185L) was performed by QuikChange mutagenesis kit (Stratagene Tokyo, Japan). We use TA Cloning kit (Invitrogen, Tokyo, Japan) for ligation and TOPO 10 (Invitrogen, Tokyo, Japan) for transformation. After purification of plasmids, we carried out direct sequencing and confirmed that the samples contained completely full-length GlyR alpha3 wild and mutant clones.
Preparation of standard samples
We performed quantitative RT-PCR of GlyR alpha3 edited and nonedited full length samples, according to the manufacturer's protocol, with an ABI PRISM 7900HT (Applied Biosystems, Foster City, CA) using TaqMan probes supplied by Applied Biosystems. All reactions were run in duplicate. We performed the quantitation of both edited and nonedited samples using standard curve methods. Standard samples were prepared by controlling the concentration of these two samples at same detection cycles.
Standard PCR products
We made the standard PCR products (fragment 467 bp) for edited and nonedited GlyR alpha3 with optimase polymerase (high fidelity polymerase) using oligonucleotides F>5'AATGTTCTTTATTCAATAAGGCTGA3' and R>5'ACATAGGACACCTTTGGTAAAGAA3' which flank the editing site (Fig. 1) . A 467 bp fragment was amplified in a reaction using, as recommended by the manufacturer, 1.25 units of polymerase, 0.5 μM of each primer, and a reaction buffer with Mg 2+ along with approximately 1 ng Plasmid DNA template, 200 μM of each dNTP and distilled water to a final volume of 50 μl. Cycling conditions were 1 cycle at 95°C for 5 min followed by 25 cycles of 95°C for 45 s, 55°C for 45s, 72°C for 1.5 min, and 72°C for 7 min. . PCR using allele-specific primers. A) ASP forward primer design. Two bases (one is a site of editing) were mismatched. B) PCR using ASPs could detect GlyR alpha3 editing incidences as low as 0.5%. While the 273 bp band for Lane 1 is clearly not apparent, high-intensity 273 bp bands are evident for Lanes 2-4; however, this technique cannot be considered quantitative. A false positive signal in the band for ASP-PCR was also noted. C) The band intensity was almost same for 0.5%, 99.5%, and 100% samples. This method was considered to be unsuitable for quantitation. D) The template concentration of edited plasmid was considered to be important for this assay condition. A minimum presence of original edited plasmid in the amount of between 0.001 ng and 0.0001 ng is regarded as a lower limit for practical measurement. ASP, allele-specific primers.
PCR using allele-specific primers (ASP)
So we could ascertain the detection limit, in standard dilutions, the PCR products of edited and nonedited plamids were mixed in differing proportions. When we examined the results of these trials, it was apparent that it was better for the edited site to be situated in the forward primer. If sited in the reverse primer, the 3' end would be G and this would greatly increase the likelihood of nonspecific amplification. After designing a pair of allele-specific primers ( Fig. 1 and 2A ), F>5'AAGGACTCACTTTGTTT3' and R>GGGATCCAGAACTCT3', we carried out PCR using allele-specific primers with rTth DNA Polymerase XL (Applied Biosystems, Tokyo, Japan). PCR conditions were 25 cycles of 2 min at 94°C, 15 s at 94°C and 30 s at 60°C, another 40 cycles of 15 s at 94°C, and 30 s at 57°C.
After PCR using allele-specific primers, the PCR products were electrophoresed on 1% agarose gel at 100 V/cm in 1×TAE. Following electrophoresis, gels were incubated in SYBER Green solution for 1 min. Gels were scanned directly at 488 mm using a FluoroImager (Molecular Dynamics, Sunnyvale, CA). SYBR Green fluorescence was captured using a 530DF30 filter with the photomultiplier tube voltage was set at 700 V.
Scans were analyzed using ImageQuant software (Amersham Bioscience, Tokyo, Japan). Band intensities were compared using the average value of the integrated pixel intensity for a two-pixel line drawn through the middle of each lane. We analyzed the band intensity by calculating when band intensity for edited plasmids would be 100% ( The value of the each band intensity(%) = the actual value of each sample intensity / the actual value of 100% edited plasmid's band intensity *100) . When we analyzed the detection limit, the band intensity of the 0.1 ng template was estimated to have a value of 100. Results for the different samples were indexed on this scale of 100.
DHPLC analysis
Denaturing HPLC was performed using a WAVE DNA fragment analysis system with a DNASep column (Transgenomic, Tokyo, Japan). To generate heteroduplex molecules, PCR products were subjected to denaturation for 4 min at 94°C followed by a gradual reannealing for 45 min in the thermal cycler. Aliquots of 5 μl of reannealed PCR products were loaded in a column. The gradient was prepared by mixing TEAA buffer A (0.1 M triethylammonium acetate). Primer extension products were eluted using a linear gradient from 18%B to 38%B at a flow rate of 0.9 ml/min for 7 min. Column temperature was set at 57.9°C. The eluted products were monitored at 260 nm using the UV detector. After each elution, the column was washed and equilibrated with the gradient of 90%B and 18%B, each for 1 min. Peaks were identified using standard PCR products as described above. RNA editing efficiency was calculated by comparing the peak heights after peak fitting with Gaussian curves corresponding to edited and non-edited extension products. The RNA editing efficiency of each sample was analyzed in duplicate.
Direct sequencing
Standard PCR products were purified using column purification on glass fibers (Qiagen ,Tokyo, Japan). We mixed the two purified standard PCR products at various ratios. These mixed samples were sequenced on an ABI PRISM3100 Genetic Analyzer using BigDye terminator v1.1 sequencing kits (both Applied Biosystems, Tokyo, Japan). The raw relative peak amplitude data for each sample was analyzed.
Allele-specific real time PCR method
We designed a primer and probe for quantitating GlyR alpha 3 gene expression. (GlyRalpha3 forward primer, GAGCGGCAAATGGGCTACTA; GlyR alpha3 reverse primer, ACCCAGGACAGAATGACAA TCAG; GlyR alpha3-MGB probe, ATCCAGATGTACATTCCCAG.)
Each standard real-time PCR reaction mixture contained a 5 μl sample of edited or nonedited plasmids, 1.5 μl (300 nM) of 10 pmol/μl forward primer, 4.5 μl (900 nM) of 10 pmol/μl reverse primer, 1.25 μl (250 nM) of 10 pmol/μl TaqMan MGB probe, 25 μl of TaqMan ® Universal PCR Master Mix. The total reaction volume was 50 μl. The amplification program consisted of at 50°C for 2 min and 95°C for 8 min followed by 40 cycles of 15 s of denaturation 95°C, 1 min annealing at 55°C, and 1 min extension at 62°C. Based on these quantitaion data, we produced standard plasmids of same concentration.
To derive the editing ratio of the samples, we designed two TaqMan® MGB probes for quantitation using FAM and VIC, whose sequences matched edited and nonedited sites (GlyR alpha3 nonediting probe: TCACTTTGCCTCAATT and GlyR alpha3 editing probe: ACTCACTTTGCTTCAAT)) and a pair of flanking primers (GlyR  alpha3  1017F,  AGCACCAGTACAAGTGGCTGAA; and 1092R, GCAGTATCGCAAATCTTTTTCTTCT). Next, we mixed samples with edited and nonedited plasmids included at various known ratios. Each allele-specific real-time PCR reaction mixture contained a 5 μl mixed plasmid sample, 4.5 μl (900 nM) of 10 pmol/μl forward primer, 4.5 μl (900 nM) of 10 pmol/μl reverse primer, 1.0 μl (200 nM) of 10 pmol/μl TaqMan editing probe, 1.0 μl (200 nM) of 10 pmol/μl TaqMan nonediting probe, 25 μl of TaqMan Universal PCR Master Mix. Total reaction volume was 50 μl. The amplification program consisted of 2 min at 50°C and 10 min at 95°C followed by 40 cycles of 15 s denaturation at 95°C, and annealing for 1 min at 60°C. The quantities of each allele were determined using the comparative Ct method with these two probes and analysis on a real time PCR system (Applied Biosystems 7300; Tokyo, Japan). Regression analysis was performed on the results for samples of each ratio.
Statistical analysis
The correlation coefficient was obtained using simple regression analysis (Microsoft Excel; Redmond, WA).
Results
Our goal was to find and compare inexpensive assays that gave accurate quantitative or sensitive results. We found one method that was solely sensitive and three that were sensitive and quantitative.
Detection of RNA editing using allele-specific primers
Using allele-specific primers, we were able to detect a 0.5% incidence of editing sites. Figure 2 shows results using allele-specific primer (ASP) assays with control reactions. When the incidence of edited transcripts was more than 0.5%, 267 bp bands were clearly visible when the samples were analyzed (Fig. 2B) . Intensity in these bands was not the same as for non-edited plasmid samples and we concluded that this method, while not quantitative, did enable detection and that the detection limit was between 0.001 ng and 0.0001 ng. (Fig. 2C, 2D) 
Detection and quantitation of RNA editing by direct sequencing
To perform determine the accuracy of this assay, we mixed edited and non-edited GlyR alpha 3 standard PCR products (Fig. 3) . The two kinds of PCR product, otherwise identical, contained either a C or a T at position 554. From the raw direct-sequencing data, peak intensities of fluorescence for each of the variously edited and nonedited samples were recorded. Fitting the data with a linear R2 value of 0.986, these peaks accurately reflected the ratios in the plasmid mixes. Detection was only sensitive down to an incidence of 5% of the total, lower incidences of editing were not detected (Fig. 3) . 
Detection and quantitation of RNA editing using DHPLC analysis
DHPLC (denaturing high performance liquid chromatography) is commonly used for detecting mutations through screening of PCR products for heterogeneity (Fig. 4) . While edited products could be detected even when they made up as little as 2% of the total transcripts (Fig. 4 above) , at levels below 10%, it was difficult to analyze DHPLC data to accurately determine actual quantities. We also tested mixtures that contained different percentages of nonedited and edited PCR products and Figure 4 shows the results for this DHPLC. For samples containing 10% to 90% mutant transcripts, these results accurately reflect the plasmid-mix ratios, fitting the data with a linear R 2 value of 0.972.
Implementation of allele-specific real-time PCR method with TaqMan probe
We confirmed that the amplification efficiencies of primers used for edited and nonedited samples were approximately equal (data not shown). We tested two MGB probes at various ratios of control plasmid and confirmed that they were specific to each clone of Gly alpha3 (Fig.  5B) . In other words, edited probes were highly specific only for edited transcripts and the nonedited probed were highly specific only for nonedited transcripts. Then, we analyzed various ratios of edited and nonedited products using these primers and probes. We were able to determine the editing ratios at y = 25.237 e -0.9337X (R 2 = 0.9919; y, measured value; x, actual value) (Fig. 5C ). Each chromatogram shows results of DHPLC analysis for PCR products amplified using mixed templates of different ratios of editing (0%-5%, 95%-100%). Although two distinguishable heteroduplex and homoduplex peaks were not apparent, a small peak (heteroduplex) next to a large peak was seen in mixes in which 2% or more of plasmids were edited. Quantitation of known template assay results. The least-squares fit of the actual data is defined by the equation y = 0.718x + 13.1, p = < 0.001. TaqMan  ® MGB probes using FAM   TM and VIC ® , whose sequences matched edited or nonedited sites, and a pair of flanking primers was designed to increase the precision of allele-specific quantitation. In the sequence, C/T denotes the edited site. (B) The quantities of each allele were evaluated from ∆Ct results from a real-time PCR system (TaqMan ABI 7300). (C) Quantitation using allele-specific real time PCR methods. Assuming that ∆Ct was equal to zero when the editing ratio was 50%, logistic regression analysis of the incidence of editing in differently mixed samples was performed. Correlation between measured values and corrected ∆Ct is shown. The actual data is defined by the equation y = 25.237e -0.9337x , p = < 0.001 (y: measured value, x: actual value).
Discussion
The ability to measure subtle differences in editing efficiency is becoming increasingly important, particularly for clinical studies. For example, minute reductions in editing efficiency have been associated with clinical depression, suicide, certain forms of epilepsy, and schizophrenia [4,17,18,19,20,] . The properties of alpha amino-3-hydroxy-5-methyl-4-isoxazoleprpionate (AMPA) receptor are generated post-transcriptionally by RNA editing at the Q/R site, where deficient RNA editing of GluR2 is associated with neuronal death in amytropic lateral sclerosis [21, 22] . Recently, a number computational methods for detecting A-to-I RNA editing sites have been proposed [23] , and algorithmic approaches for identifying RNA editing sites have been discussed [24] . The methods of testing that we have demonstrated here are useful, at the study planning stage, for establishing the means of detecting and quantifying editing ratios within a short time.
We found that the best way of detecting of already known RNA editing was PCR with allele-specific primer pairs. If good primer pairs are created, this method is simple and inexpensive; however, because the polymerase amplification is susceptible to approximately 1% error [25] , it is not always accurate. The relevant analytical efficacy of this low-cost option must be carefully considered. Our PCR results with ASPs were excellent and useful for identifying if editing had occurred.
If it is not possible to properly design ASPs, DHPLC may be feasible. The DHPLC method has been used successfully for detecting point mutations at very low (0.5%-5.0%) percentages of heterogeneity [26, 27] . DHPLC may be useful because it can inexpensively provide analysis of known editing. Using direct sequencing, assay detection of editing incidences is 20% in general, and in our analysis we managed to detect, and measure accurately, incidences as low as 5%. Unfortunately, direct sequencing incurs high costs. Thus, direct sequencing is too expensive to use from the beginning. Another option, if the editing site is already known, is the use of allele-specific TaqMan probes. If the primer and probe are designed especially for detection, this method can provide detectability down to 2% (data not shown). But the primer-probe pair which we designed for detection was not at all useful for quantitation. Furthermore, there is no special cost benefit in using allele-specific TaqMan probes.
For quantitating already known RNA editing ratios, direct-sequencing and DHPLC used in combination with allele-specific TaqMan probes were useful.
Compared against the edited/nonedited ratios of known standard samples, results for DHPLC (R 2 = 0.973), from allele-specific TaqMan probes (R 2 = 0.992), and from direct sequencing (R 2 = 0.987) correlated well. Allele-specific TaqMan probes yielded the closest correlation because they were designed and used in conditions that favored quantitation of the incidence of editing. Conversely, such probes are not suitable for blind detection. Even so, once the primers and probe are designed and evaluated, this method is both accurate and easy to perform. Consequently, it is very useful for evaluating samples in which RNA editing is known to have occurred. Meanwhile, DHPLC is inexpensive and has good detection sensitivity down to 2%. So DHPLC would appear to be an excellent means both of RNA editing detection and quantitation. Our results using DHPLC, however, did manifest a shortcoming. In the protocol we used, we were unable to determine four peaks, which should be detectable in ideal conditions. We were unable to ascertain which peaks were edited or non-edited. For confirmation, supplementary procedures involving standard samples were necessary. Of the methods we used for detecting and quantitating samples in which partial editing at the site of GlyR alpha3 was present, we conclude that ASP was best for detection and that TaqMan probes or direct sequencing gave superior quantitation results.
Recently, computational methods for detecting A-to-I RNA editing sites have been introduced [23] . Such analysis has revealed thousands of editing sites within the genomic reiteration, and has also brought to light some novel genetic recoding sites. If computational methods are used for prediction, preliminary testing of predicted gene clones could be simply and inexpensively carried out using ASP. DHPLC could then be used to review non-conforming ASP results. Furthermore, when it is known that editing has occurred in a real sample, direct sequencing can be used to confirm the suspected editing site. When priority is given to quantitation, TaqMan probes or direct sequencing should be used.
For detecting and quantitating a specific type of editing, ASP and DHPLC are suitable for initial detection, followed by quantitation using direct sequencing or allele-specific TaqMan probes. To screen for unknown editing, from the options tested, DHPLC or direct sequencing should be considered.
It is, of course, essential to carry out validation using clones of each sample. We suppose that for any type of unknown RNA editing, the techniques reported here can enable identification and quantitation of the SNP. It is important, however, to use the method that is most appropriate for the specific pur-pose and circumstance.
In conclusion, we evaluated four different ways of detecting and quantitating the incidence of RNA editing. These techniques and our findings should be of interest to anyone carrying out research on other RNA editing sites, especially single-base editing patterns. The methodologies presented here are likely to be beneficial for current and future studies aimed at understanding the relationship between the editing incidence of a target gene and the effectiveness of corresponding physiological or pharmacological phenotypes.
